We address the question whether a medium featuring p + ρ = 0, dubbed Λ-medium, has to be necessarily a cosmological constant. By using effective field theory, we show that this is not the case for a class of media comprising perfect fluids, solids and special super solids, providing an explicit construction. The low energy excitations are non trivial and lensing and the growth of large scale structures can be used to clearly distinguish Λ-media from a cosmological constant.
We do not know yet the nature of dark energy, though we have some information on its equation of state. Actually, assuming a constant equation of state, observations indicate p + ρ ≈ 0, which points toward the simplest possibility: a cosmological constant (CC). Suppose that the next large scale structure surveys will establish that w ≡ p/ρ ≡ −1, can we conclude then that dark energy behaves as a CC? For a CC we have ρ = −p =constant and the corresponding fluctuations are zero: δρ = δp = 0; moreover gravitational waves propagate with a massless dispersion relation ω 2 = k 2 . The goal of this paper is to show that is possible to construct a simple Lagrangian describing what we call a Λ-medium featuring exactly p + ρ = 0, i.e. not only the background but also δp = −δρ, but still with non-trivial perturbations. The starting point is the assumption that dark energy can be effectively described as an isotropic medium whose lowenergy excitations are phonon-like. Such behaviour is rather common in condensed matter systems but also in cosmology. The key tool we use is the effective field theory (EFT) description of the dynamics of media [1] [2] [3] [4] [5] [6] [7] [8] [9] according to which the low energy excitations (phonons) can be described by a classical theory of four derivatively coupled scalar fields ϕ A , A = 0, 1, 2, 3. Among the various action principle formulations of the dynamics of media [10] [11] [12] [13] [14] [15] , the EFT framework is formulated in terms of unconstrained fields and it is capable to describe perfect fluids, super fluids, solids and super solids depending on the internal symmetries of the action which translates in the form of the energy momentum tensor (EMT). A similar formalism was used in the contest of inflation [16] [17] [18] [19] [20] , though barring any special relation among operators realazing p + ρ = 0. Following the notations of [8, 9] , the leading operators in the EFT can be written in terms of the matrix
and the velocity fields u µ and V µ
where g µν is the space-time metric, b = det (B ij ), with B ij ≡ C ij and X = C 00 . Small latin indices like i, j, assume the values 1,2,3 while greek and capital latin ones the values 0,1,2,3; we shall also denote by B B B the 3 × 3 matrix with matrix elements B ij . Being u µ ∂ µ ϕ j = 0, ϕ j can be interpreted as the spatial Lagrangian (comoving) coordinates of the medium, while ϕ 0 represents the clock's medium. The action of a self-gravitating medium in the presence of gravity is
where R is the Ricci scalar, M Pl = (16πG) −1/2 is the Planck mass and U is the medium Lagrangian depending on the derivative of the Stückelberg fields ϕ A . At leading order we have a total of 9 operators Y, X, τ 1,2,3 , y 0,1,2,3 compatible with global internal spatial SO(3) symmetry and shift symmetry, defined as
where Z Z Z is 3 × 3 matrix with matrix elements
Moreover, we define the operators w n = Tr(W W W n ), where W W W ≡ B B B − Z Z Z/X. Interestingly, the EFT formalism allows also to give a thermodynamical interpretation [9, 21] by which some combinations of operators are related to thermodynamical variables. Thermodynamics. From the action (3), the energy momentum tensor (EMT) for the most generic media has the following structure
Depending on the internal symmetries, we can select some special combinations of the operators appearing in the Lagrangian, corresponding to particular classes of media. For instance, fluids and super fluids U (X, Y, b) are protected by the invariance under volume preserving diffeomorphisms
Since for Λ-media w = −1, the condition p(U ) = −ρ(U ) at the non-perturbative level is equivalent to a differential equation for U , which can be solved in terms of the basic operators considered as independent variables. Let us describe this procedure for the following classes of media
• special super solids, characterised by U (X, w n )
• perfect fluids, characterised by U (Y, b).
Solids are selected by the invariance under the internal symmetry [8, 22] 
and the thermodynamical dictionary is given in Table I . The entropy per particle σ = s/n is constant in timė
From the non-perturbative expression for p and ρ in Table I, imposing w = −1 gives
which reduces the original dependence of U from the original four operators down to the following three special combinations
invariant under the Lifshitz scaling [16, 23, 24] 
An interesting subcase is the isentropic solid with an entropy per particle constant in spacetime, described by U (τ n ) (where only the spatial Stückelberg ϕ j are present) and are characterised by s = 0. In particular, Λ-isentropic solids are described by
Special super solids U (X, w n ) are selected by the invariance under the internal symmetry [8, 9, 22, 25] 
Λ-special super solids are obtained imposing p = −ρ for expressions in Table I ; we have
which is again invariant under the Lifshitz scaling (11) . Similar media where studied in a cosmological setting in [23, 26] and also in the contest of spherically symmetric solutions in massive gravity [27, 28] . Isentropic special super solids, described by U (w n ), are invariant under (13) and [8] 
Remarkably, a proposal for a UV completion for isentropic special super solids involving at LO the scalar operators w 1 and w 2 was put forward in [29] , where the temporal Stückelberg ϕ 0 is embedded into the khronometric model and the spatial Stückelberg ϕ j are coupled to a triplet of Higgs vector fields. The symmetry (15) forbids the operator X in U Λ SS and we conclude that Λ-isentropic special super solids are described by
Finally, perfect fluids are protected by the symmetries (6) and (7); their Lagrangian is of the form U (Y, b). Λ-perfect fluids with p + ρ = 0 have the following Lagrangian [8]
which is protected by the enhanced symmetry
The Λ-perfect fluid EMT simply reads T µν = p g µν whose conservation leads directly to ρ =constant. Although a Λ-perfect fluid is similar to a CC, the non-vanishing entropy per particle indicates that underlying degrees of freedom are present. Moreover, the Stückelberg fields satisfy non-trivial equations of motion in order to keep b Y constant. Dynamical Stability. Since Λ-media are very particular, it is important to study their stability. Though selfgravitating media can have a familiar Jeans-like instability at some scale k J , no instabilities should be present at very large k. In this regime, curvature and the mixing of the Stückelberg fields with gravity are negligible and, much like in a spontaneously broken gauge theory, the 
with ∂ j V j = 0. As discussed in [9] , the dynamics of linear perturbations is controlled by five parameters {M a } (with a = 0, 1, .., 4), expressed in terms of first and second partial derivatives of the Lagrangian U with respect to the basic operators. These parameters are related to the mass terms of the metric fluctuations h 00 , h 0i and h ij in the unitary gauge appearing in rotational invariant massive gravity, see [25, 30, 31] and [32] for the nonperturbative structure. The total energy in the scalar sector is given by
Notice that no condition on p and ρ has been imposed. The Lagrangian for transversal vectors V V V perturbations reads
Imposing that energy is bounded from below in both the scalar and vector sectors leads to
In the limit p + ρ = 0, combining (28) with (22) we get
The very same stability conditions are obtained by expanding the action (3) around a generic FLRW spacetime in the Newtonian gauge at the quadratic order and imposing stability in the limit k → ∞ [33] . Remarkably, the condition M 1 = 0 is protected by symmetries [5, 8] and thus stable Λ-media are adiabatic (31) . Gradient and ghost instabilities are absent also for media characterized by M 0 = 0 or M 2 = M 3 [5, 22] . However, no symmetry is known that can naturally enforce the former condition. In the absence of a symmetry, the condition M 0 = 0 must be imposed by tuning U and it is not expect to be radiatively stable at quantum level [34] . A detailed analysis of the sixth mode in massive gravity and self-gravitating media is given in [33] . Cosmology of Λ-media. The fluctuations of Λ-media around de Sitter (dS) space-time are particularly interesting and show many connections with modified gravity theories.
In the Newtonian gauge, using conformal time, the scalar perturbations of the metric are
while for ϕ 0 we have
and ϕ j is expanded as in (19) . For a generic medium, at the background level entropy per particle is conserved and pressure and energy density enter in the standard Friedmann equations. For Λ-media, we have
where
Pl M i . The Friedmann equations and H ′′ = 2 H 3 , valid when p = −ρ, together with (26) , give the following relations among the mass parameters
The very same relations also follow from the invariance under (11) . For Λ-media the function φ appearing in (25) is determined by the conservation of the EMT at the background level and the relations among the mass parameters (28) . Thus, Λ-media select naturally a de Sitter (dS) background for which
where H 0 and φ 0 are integration constants. From (26) and (29), we have
where the entropy per particle perturbations satisfy
When δσ ′ = 0, i.e. the entropy per particle is a function of spatial coordinates only δσ( x), the medium is adiabatic; this is the case when M 1 = 0, see (31) . When the stronger condition δσ = 0 is imposed, the medium is isentropic and M 0,4 = 0, see (27) . Gravitational Waves. The quadratic Lagrangian for tensor perturbations in the Fourier basis is [8, 23, 25, 35] 
where χ ij is the transverse and traceless spin two part of the metric perturbations. For perfect fluids and super fluids, where M 2 = 0, the dynamics of spin 2 modes is standard. This is not the case for solids and super solids where M 2 = 0. If the accelerated expansion of the universe is related to the presence of the graviton mass then the graviton mass has to be the of order of m g = √ M 2 ∼ 10 −33 eV. On the other hand, massive gravitons can be also a cold dark matter candidate when m g ≥ 10 −27 eV [23] . However, bounds from gravitational waves observations as GW150914 and the time delay of 1.7 seconds between GW170817 and the electromagnetic counterpart GRB 170817A led to m g ×10 −22 eV. Let us comment briefly on the familiar Higuchi bound [36, 37] . Such a bound on the Pauli-Fierz mass in dS spacetime is derived when the massive spin 2 action gives no contribution to the background [38, 39] . By definition, the above considerations do not apply for self-gravitating Λ-media, where the dS background is related to the energy density of the Λ-medium through the Friedmann equations. Note that for self-gravitating Lorentz invariant Λ-media, Lorentz invariance implies p + ρ = 0 and the relations (28) and (23) , requires M 0 = M 4 = M 3 , M 1 = M 2 = 0. Thus the only Λ-media compatible with the above conditions are the Λ-perfect fluids, thus the graviton is still massless. Scalar perturbations In Fourier space, the scalar sector of the linear perturbed Einstein equations for a generic Λ-medium read
where k 2 = k i k j δ ij , with k i is the comoving momentum, δρ is given by (26) together with (27) and (29), for δσ ′ see (31) . From the stability conditions we have seen that stable Λ-media are adiabatic or isentropic; in the following we will focus on the cases M 1 = 0 and M 0,1 = 0. Λ-perfect fluids U Λ P F behave exactly as a CC, indeed
What differentiate such a fluid from the CC is the presence non-trivial perturbations of the Stückelberg fields and a constant entropyσ; unless the Λ-perfect fluid is directly coupled with matter [40] , no physical effect is present. For instance, during Λ-perfect fluid domination, a subdominant dark matter sector has a constant density contrast δ m = δρ m /ρ m as for the the case of a CC. Λ-solids U Λ S and Λ-special super solids U Λ SS are characterized by the same structure of perturbations and δσ = δσ 0 (k) so that δρ = −δp = φ 0 δσ 0 = const. ,
and Φ 0 = φ0 δσ0 4 k 2 . Remarkably, the expression of Φ is universal and is determined by the constant value of the entropy per particle perturbation δσ 0 . During an expansion phase dominated by an adiabatic Λ-medium, one can check that by combining the continuity and Euler equations for a subdominant dark matter component its density contrast behaves as δ m ∼ a 2 , in sharp contrast with δ m =constant found in the familiar case of CC domination. The two universal and simple relations (35) which relate the Bardeen potentials give a clear prediction for lensing. One can also check that vector modes do not propagate and tensor modes have a massive dispersion being M 2 = 0. 
with a general solution
The entropy per particle perturbation is given by
Though, the time behaviour of Φ is under control, at large k there is an exponential grow. equation of state of the form p + ρ = 0, and are physically different from a CC. Indeed, adiabatic Λ-media and, in particular, Λ-solids and Λ-special super solids [41] exhibit phonon-like fluctuations which, via Einstein equations, induce non-trivial metric fluctuations. Moreover, the Bardeen potentials and the density contrast of the sub-leading dark matter component δ m grow as a 2 , in sharp contrast with the case of CC domination, where the Bardeen potentials are decreasing and the δ m is constant. The presence of an intrinsic anisotropic stress induces a strong correlation between the gravitational potentials: Ψ = −2 Φ and makes the spin two mode massive. Isentropic Λ-media are characterised by frozen scalar perturbations, likewise a CC, though spin two perturbations are non-trivial. Indeed, with the exception of Λ-perfect fluids, the dispersion relation of gravitational waves for stable Λ-media is the one of a massive particle ω = k 2 + m 2 g . These features can be detectable in future dark energy surveys and gravitational waves experiments. A detailed analysis of the phenomenological implications of self-gravitating Λ-media will be carried out in a separate work.
